In this study, an ultrathin 2-dimensional hierarchical nickel oxide nanobelt film array was successfully assembled and grown on a Ni substrate as a binder-free electrode material for lithium ion batteries. In the typical synthesis process, the evolution of the nickel oxide array structure was controlled by adjusting the amount of surfactant, duration of reaction time and hydrothermal temperature. By virtue of the beneficial structural characteristics of the nanobelt film array, the as-obtained NiO array electrode exhibits excellent lithium storage capacity (1035 mA h g À1 at 0.2C after 70 cycles and 839 mA h g À1 at 0.5C after 70 cycles)
Introduction
The issues of shortage of global fossil fuel sources and deteriorating environment have attracted worldwide attention over the past decades. Hence, there is an urgent desire to seek renewable energy sources that can replace traditional fossil fuel and improve the quality of the global environment. Nowadays, rechargeable batteries are conducive to relieving the energy and environment issues. For example, lithium-ion batteries (LIBs), as highly efficient clean energy storage devices, have wide applications in portable electronic devices such as cell phones, laptops, digital cameras and electronic vehicles as well as in energy storage systems used in our daily lives. This is due to their many excellent distinctions, including high energy density, long cycle life, environmental friendliness, absence of memory effect, high output voltage, and minor self-discharge. [1] [2] [3] [4] [5] [6] It is well known that commercial graphite is currently applied as representative anode materials for lithium ion batteries, but graphite has a lower lithium storage capacity and only 372 mA h g À1 theoretical capacity and hence, fails to meet the high-energy and power-density demands of electric vehicles and large-scale energy storage grid elds. 7 Therefore, in order to satisfy practical needs, we must develop both high-energy and long-cycle electrode materials. Recently, transition metal oxides (TMOs) have attracted considerable attention in the energy storage eld and are promising next generation electrode materials for lithium ion batteries because most TMOs have high theoretical specic capacity (above 600 mA h g À1 ), which is 2-4 times higher than that of the carbon/graphite materials. 8, 9 TMOs have been extensively investigated to develop high lithium storage electrodes for replacing graphite-based materials. Although traditional powder transition metal oxide materials used as anode electrode materials for lithium ion batteries have higher capacity, their cycling stability and rate performance do not satisfy the application requirements. Most transition metal oxides are semiconductors or even insulators, so they exhibit poor electrical conductivity and experience large volume changes, which cause the active materials to deteriorate during the deep lithium insertion and delithiation, resulting in poor cycling stability and rate performance of lithium ion batteries.
10,11 Because of these drawbacks, the development of TMOs for application in lithium ion batteries is greatly restricted. Therefore, in the past decades, many researchers have been devoted to study TMO ordered nanostructure array electrode materials directly grown on metal substrates to bypass the abovementioned issues 12, 13 for improving the electrochemical performance of LIBs. Such materials include nanowalls, 14 nanosheets, 15 nanobelts, 16 nanotubes 17 and nanowires. 18 Metal oxide based binder-free array electrodes can be developed, offering higher output voltage and fast energy storage.
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In this article, we concentrate on the binder-free array electrode materials for improving the electrochemical performance of LIBs. By a simple hydrothermal method, nickel oxide (NiO) nanobelt lm array was uniformly synthesized on nickel foam substrate, which works as both current collector and structure support. Among the TMOs, NiO has been strongly explored owing to its high theoretical specic capacity ($718 mA h g À1 ),
low material cost and nontoxicity. 24 The as-obtained NiO nanobelt lm array was synthesized for the rst time under the inuence of SDS. The unique nanobelt array can prevent aggregation or leaching of the active materials. Additionally, the novel nanobelt lm array structure has huge open spaces, contributing to the acceleration of electron transport and shortening of the pathway of ion transport. Moreover, the assembled array electrode consists of binder-free and nonconductive additives, which can reduce cost and avoid the complicated electrode production process. Based on these results, it is believed that the nickel oxide nanobelt array is a promising next generation lithium ion battery anode material.
Experimental section

Preparation of NiO nanobelt array structure
The NiO nanobelt lm array was synthesized via a novel selfsustained cycle of hydrolysis and etching (SCHE) route as previously reported. 25 In the typical synthesis process of the NiO nanobelt lm array, Ni foam (d ¼ 14 mm) substrates were ultrasonicated in 3 M HCl, ethanol and DI water for 15 min to remove surface impurities before the synthesis. In addition, 0.025 M Ni(NO3) 2 $6H 2 O and 0.01 g sodium dodecyl sulfate (SDS) were dissolved in 20 mL DI water under vigorous stirring. Then, the uniform green solution was transferred to a 50 mL Teon lined stainless-steel autoclave. Subsequently, the cleaned nickel foam substrate was immersed horizontally at the bottom of the autoclave. The autoclave was sealed and maintained in an oven at 180 C for 12 h. Aer the autoclave reaction was completed, the autoclave was cooled to room temperature. The nickel foam was taken out from the reaction solution, washed with ethanol and DI water to remove the impurities, and nally dried at 80 C in an oven.
The NiO nanobelt lm arrays were prepared by postannealing of the Ni(OH) 2 precursor. The as-obtained Ni(OH) 2 grown on nickel foam substrate was heated to 400 C for 2 h in a tube furnace at a low heating rate of 2 C min À1 under nitrogen atmosphere.
Physical characterization
The crystallographic information and phase structure of the asprepared samples was tested by a D/Max-III X-ray diffractometer (Rigaku Co., Japan) with Cu Ka radiation, a voltage of 30 kV, and a current of 30 mA. The scan range was 2q ¼ 10 to 90 and the scan rate was 10 2q min À1 . A eld-emission scanning electron microscope (FESEM; SU8820, Hitachi Co., Japan) and transmission electron microscope (TEM; Titan ETEM G2 80-300, FEI Co., USA) were employed to examine the morphology and conduct elemental analysis of the products.
Electrode preparation and measurements
The NiO nanobelt lm arrays directly grown on Ni substrates were used as the working electrode without being any compressed. The mass of the as-prepared NiO nanobelt lm arrays were measured using a microbalance by weighing the product before and aer ultrasonication of the as- ). The cyclic voltammograms (CVs) were performed at a scan rate of 0.1 mV s À1 from 0.01 V to 3 V, and the electrochemical impedance spectroscopy (EIS) measurements were carried out on an IM6 electrochemical workstation (ZahnerElektrik, Germany) with an amplitude of 5 mV from the frequency range of 100 kHz to 10 mHz.
Results and discussion
Material characterization
Scheme 1 illustrates the fabrication process of NiO nanobelt lm array. The Ni(OH) 2 -precursor was synthesised by a hydrothermal method at 180 C for 12 h, and the NiO nanobelt lm arrays were obtained by post-annealing the Ni(OH) 2 -precursor at 400 C for 2 h under a nitrogen atmosphere. The XRD patterns of the Ni(OH) 2 -precursor and the corresponding NiO nanobelt lm array materials on nickel foam substrate are shown in Fig. 1a the cubic NiO (PDF#47-1049). The strong and narrow peaks manifested the good crystallinity of the as-prepared NiO. In addition, the nickel nitrate precursor is completely converted to crystalline nickel oxide because no other miscellaneous peak is observed in the pattern. The morphologies and structures of the Ni(OH) 2 -precursor and NiO nanobelt lm arrays were observed by SEM and TEM techniques. The images were investigated to explore the morphologies of the Ni(OH) 2 nanobelt lm array structure aer hydrothermal reaction in the 0.025 M nickel nitrate solution and 0.01 g SDS for 12 h at 180 C. As shown in Fig. 2 , large-scale uniform porous nanobelt lm arrays can be clearly seen on both sides of the nickel foam substrate (Fig. 2a) . Moreover, the wellorganized and interconnected nanobelt lm frame adhered rmly on the Ni substrate, as clearly observed in Fig. 2b and c. The average height of the nanobelt array was about 10-15 mm from the small side view (inset of Fig. 2b ), and the Ni(OH) 2 array structure consists of many interlacing sheets, with an average width of over 500 nm, based on the TEM image (Fig. 2d) . The NiO array structure can be investigated aer thermal dehydration of the Ni(OH) 2 precursors by SEM and TEM (Fig. 3) . It can be clearly observed that the NiO array structure is more shriveled, as shown Fig. 3a which is attributed to the nickel hydroxides loss of water molecules aer the post-heating process; the average porosity size is about 6.67 mm. Fig. 3b displays the intricate and connected NiO nanobelt lm interwound with each other, and this open framework provides a huge space for sufficient contact of the electrolyte and active materials, which helps reduce the damage from internal stress to maintain the structural stability. The transparent and extremely thin lm structure can be clearly seen in Fig. 3c . The TEM images were used to further investigate the morphology and crystal structure of the as-prepared NiO nanobelt lm arrays. Fig. 3d and e show that the TEM images consist of a few transparent lms stacked together, clearly corroborating the SEM images. Moreover, the lattice spacing was conrmed to be 0.24 nm and 0.15 nm on the basis of the highresolution TEM images, as shown in Fig. 3f , which is consistent with the (111) and (220) interplanar spacing of NiO. The corresponding FFT image (inset of Fig. 3e ) displays single crystals of NiO and the diffraction spots are clearly attributed to (111), (200) and (220) crystal facets, which are consistent with the XRD result. The EDX spectra (Fig. 3g-i) demonstrate the mapping analysis of nickel and oxygen elements, which are uniformly distributed in the nanobelt lm array structure.
Morphological evolution of Ni(OH) 2 nanobelt arrays
In order to study the evolution of Ni(OH) 2 morphology and structure, the inuencing factors, namely, surfactant, time and temperature were investigated.
The effect of sodium dodecyl sulfate (SDS) as a surfactant was investigated to adjust the morphology of the Ni(OH) 2 arrays. The SEM images (Fig. 4a1-a3) show the synthesis process of the Ni(OH) 2 arrays with different concentrations of sodium dodecyl sulfate. When SDS is not added to the aqueous solution, it was observed that a few nanosheets unhomogeneously grew on the Ni foam substrate, as shown in Fig. 4a1 , and the width of the as-obtained Ni(OH) 2 nanosheets was about 5 mm. The reason that only a few Ni(OH) 2 nanosheets were grown on the Ni substrate is that the energy to sustain grain growth was insufficient. Subsequently, as the amount of the added SDS surfactant was increased to 0.005 g and 0.02 g, the Ni(OH) 2 nanosheets slowly grew and transformed to a mass of nanobelt arrays, as shown in Fig. 4a2 and a3 , respectively.
The hydrothermal reaction time plays a vital role in the process of forming a uniform nanobelt lm array on the substrates. The SEM images of Ni(OH) 2 nanobelt lm structure at different reaction time intervals can contribute to understanding the formation mechanism of Ni(OH) 2 nanobelt lm arrays. As shown in Fig. 4b1 , the materials, prepared with the reaction time of 6 h, were assembled and formed the preliminary structure, which consists of a single piece of lm. With the increase in the reaction time, the porous nanobelt arrays gradually overgrow and cover the Ni substrate at 18 h, as shown in Fig. 4b2 . Moreover, the Ni(OH) 2 nanobelt lm arrays grew wider and longer. It can be clearly seen that petal-like arrays are formed as the reaction time was prolonged to 24 h (Fig. 4b3) . The structure has an average height of about 20 mm. These observations indicate that extension of reaction time conduces the growth of crystal particles and controls the morphologies of the resultant lm arrays.
In the synthesis of Ni(OH) 2 nanobelt lm array structures, temperature is also a very important factor. Fig. 4c1 demonstrates that no material growth on the Ni substrate occurs at 140 C, because crystal particle growth is not achieved at this temperature. When the temperature was increased to 160 C, drastic agglomeration of the Ni(OH) 2 crystal particles can be clearly seen on the Ni substrate surface, as shown in Fig. 4c2 , which illustrates crystal particle growth above 160 C. With the reaction temperature increasing to 200 C, Fig. 4c3 displays that Ni(OH) 2 crystals can obtain sufficient energy to rapidly grow and turn into nanobelts under the action of the surfactants. In summary, to control the thickness, we can adjust the reaction time, temperature and SDS concentration. With the increase in reaction time, temperature and SDS concentration, the thickness of the lm will also increase.
Electrochemical performance of NiO nanobelt array for LIBs
Hierarchical nanostructure NiO nanobelt lm arrays grown on Ni substrate were applied to the lithium ion battery, which showed excellent electrochemical performance. 26 NiO nanobelt array shows excellent promise to become the next generation anode material of lithium ion batteries. To illustrate the excellent electrochemical properties of the NiO nanobelt lm arrays, a series of electrochemical tests were conducted by cyclic voltammetry measurements and galvanostatic dischargecharge tests. Fig. 5a shows the charge-discharge proles of the NiO nanobelt lm array electrode of the rst three cycles at a scan rate of 0.1 mV s À1 from 0.01 V to 3 V (vs. Li/Li + ) range. The strong reduction peaks shown in the rst cycle were different from those in the second and third proles, which is mainly due to the decomposition of the electrolyte to form the solid electrolyte interphase (SEI) layer and Li 2 O. 27 The two shoulder reduction peaks located at $1.22 V and $0.71 V were detected in the rst discharge curve, and the underlying reduction reaction was most likely the decomposition of NiO to Ni 0 , and the simultaneous formation of Li 2 O. 28 For the rst charge process, the oxidation peak was observed at $1.94 V, corresponding to oxidation of NiO to Ni 0 and Li 2 O decomposition. 29 The reduction peak shied to $1.31 V owing to structural rearrangement, resulting in irreversible capacity loss in the second and third process. 30 In the subsequent scans, the cyclic voltammetry curves showed a high degree of coincidence, which indicates a high degree of cyclability and stability of the battery. The reversible reaction can be summarized as follows:
Representative galvanostaic discharge-charge was tested in the voltage range of 0.01 V-3.0 V at a current density of 0.2C (1C ¼ 718 mA h g À1 ), as shown in Fig. 5b . The rst discharge cycle voltage platform at $1.22 V and $0.7 V was consistent with CV measurements. However, the two discharge potential plateaus move up $1.31 V from the 2 nd cycle with good superposition, which illustrates that a steady SEI layer could be formed in the rst cycle. 32 The initial discharge and charge capacity of the NiO nanobelt lm array electrode reached up to 1050.7 mA h g À1 and 795.3 mA h g À1 , respectively. Moreover, this value exceeds the NiO theoretical capacity ($718 mA h g À1 ). Compared to the NiO nanoparticles electrode, the NiO nanobelt lm array electrode as LIB anode shows superior cycling performance and rate performance. In order to further investigate the properties of the NiO nanobelt lm electrode, its cycling performance over 70 cycles of discharge and charge at 0.2C rate was determined (Fig. 5c ). It can be observed that the NiO nanobelt electrode shows higher capacity and coulombic efficiency. The corresponding initial coulombic efficiency reached up to 75.69%, which is higher than the nickel oxide powder. It can be seen that the capacity of the NiO array electrode gradually increases and then remains at 1034.7 mA h g À1 aer 70 cycles, and the specic capacity only decreased by about 1.46% (relative to initial discharge capacity). This performance of the NiO nanobelt lm array is superior to that obtained in previous reports, as shown in Table 1 . 26, [33] [34] [35] [36] [37] [38] [39] [40] The specic capacity continuously increased due to the constant activation of active material and the reversible generation of a polymeric gel-like layer originating from kinetic activation in the electrode, 41, 42 which is characteristic for anode materials. For the NiO powder nanoparticles, the discharge and charge capacity quickly decreased to only 440.1 mA h g À1 and 401.3 mA h g À1 , respectively, aer 70 cycles at the corresponding 0.2C rate, which was due to the particle structure suffering severe damage, suggesting that the NiO nanobelt lm array structure is more benecial for ion transport and contact between electrode and electrolyte interface because of its superior geometric characteristics. [43] [44] [45] Most importantly, the as-fabricated NiO nanobelt lm array approximately retained 646.1 mA h g À1 at 0.5C rate aer 70 cycles, as shown in Fig. 6a , which indicates that the nanobelt structure still has a long cycle performance at higher C-rates. C-rate performance was used to evaluate electrode material properties in lithium ion batteries. Therefore, the rate performance of the NiO nanobelt lm array and NiO powder particles were measured and compared at different current densities, and the results are shown in Fig. 5d . At C rates of 0.2, 0.5, 1, 2 and 5C, the NiO nanobelt lm array displayed discharge capacities of 835. 4 respectively. Clearly, the nanobelt lm array exhibits superior rate performance compared to that of the powder particles for the lithium ion battery. Moreover, the discharge capacity of 765 mA h g À1 can be achieved again on reversing the C rate from 5C to 0.2C, indicating that the NiO nanobelt lm array structure was well preserved even aer cycling at high current density. Above all, the NiO nanobelt lm array electrode possesses superior electrochemical properties than NiO powder for the lithium ion battery. Such outstanding rate performance is attributed to the NiO nanobelt lm arrays grown directly on the nickel foam substrate surface forming a complete structure, which enhances contact area between the active material and the current collector and decreases the contact resistance. NiO nanobelt lm arrays have more open spaces, which enable more active materials to participate in redox reaction in the electrolyte. Also, the open space array was more effective in buffering the structural change and prevented the active material aggregation in the Li + insertion and extraction processes as compared with the NiO powder active materials coated and post-pressuring on copper foil. Accordingly, ion diffusion and electron transfer occur more easily in this structure, which can expedite electrochemical reaction kinetics during the discharge and charge cycles. Due to the increased contact area between the array structure and the electrolyte, the lithium ion diffusion path is reduced. As a result, excellent cycling performance and rate performance can be obtained. The Nyquist plots of the fresh NiO nanobelt lm array electrode and powder NiO particle electrode are shown in Fig. 6b . The NiO nanobelt array electrode demonstrates lower charge-transfer resistance ($70 U) than NiO powder particles electrode ($270 U). The unique nanobelt array structure can provide more contact area between the active material and electrolyte, which results in faster electron transfer and Li + diffusion during the charge and discharge processes. To determine the relationship between the excellent electrochemical performance and unique array structure, the morphological evolution of the NiO nanobelt array structure electrode was investigated aer 70 cycles of discharge and charge at 0.2C, as shown in Fig. 6c and d. The integrated array structure was still well-preserved. The array structure can effectively relieve the stress of the volume change. Thus, the electrochemical performance of the electrode can be improved.
Conclusions
In summary, we described a facile hydrothermal synthesis method for fabricating hierarchical NiO nanobelt lm arrays grown on Ni substrate for high-performance lithium ion batteries. The novel hierarchical nanobelt lm array structure was synthesized by adjusting and controlling the conditions of temperature and duration of the hydrothermal reaction and surfactant concentration. The unique nanobelt lm array structure directly grown on Ni substrate can provide more Li + storage sites and shorten electronic transmission and ion diffusion distance in the discharge and charge process, which results in improved conductivity and electrochemical properties. Moreover, the formation of the hierarchical nanobelt lm structures improves the specic capacity and rate performance compared to commercial NiO powder particles. In addition, the discharge capacity of 1050.7 mA h g À1 can still be achieved at 0.2C aer 70 cycles, and the capacity is higher than that of most transition metal oxide materials for lithium ion batteries. Due to its excellent electrochemical performance, the NiO nanobelt lm array electrode can be a promising next generation anode material for lithium ion batteries.
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